We report the observation of anomalous reverse breakdown behavior in moderately doped (2-3x 1017 cm -3) small-area micropipe-free 4H-and 6H-SiC pn junction diodes. When measured with a curve tracer, the diodes consistently exhibited very low reverse leakage currents and sharp repeatable breakdown knees in the range of 140-150 V. However, when subjected to single-shot reverse bias pulses (200 ns pulsewidth, 1 ns risetime), the diodes failed catastrophically at pulse voltages of less than 100 V. We propose a possible mechanism for this anomalous reduction in pulsed breakdown voltage relative to dc breakdown voltage. This instability must be removed so that SiC high-field devices can operate with the same high reliability as silicon power devices.
I. INTRODUCTION
The inherent physical properties of silicon carbide (SIC) appear to be extremely well suited for power semiconductor electronic' devices. Theoretical appraisals of the characteristics and applications of SiC power devices have suggested that once silicon carbide technology matures sufficiently to overcome some developmental obstacles, SiC may supplant silicon in many high-power electronic applications. 1'2 However. these analyses are primarily based on the numerical substitution of siC physical properties into existing semiconductor device models. These models have limitations however, as they clearly do not take into account all behaviors of an actual physical SiC device. One behavior crucial to power device reliability that has necessarily been assumed to date is that the breakdown behavior of SiC pn junctions will (after technology improvements eliminate all crystalline defects such as micropipes) be simil_ to silicon-based pn junctions.
Silicon pn junctions are highly reliable because they exhibit stabilizing properties such as positive temperature coefficient of breakdown voltage. 3-5 The experimental work presented in this article casts some doubt upon the presumption of siliconlike breakdown behavior for all SiC pn junctions. In particular, we will show that in at least some (but nOt necessarily all) cases, the breakdown behavior of 4H-and 6H-SiC pn junctions is strikingly and catastrophically different from the stable breakdown behavior taken for granted in silicon power devices.
II. EXPERIMENT A. Device fabrication
The SiC homoepilayer structure shown in Fig. 1 
SiC diode pulse results
A series of pulse-test data taken from a 4H-SiC diode is shown in Fig. 4 . This data is representative of all pulse data collected on some 20 SiC diodes of both polytypes.
As ex- The general results shown in Fig. 4 were found for all diodes tested in both 4H and 6H polytypes. All SiC devices failed catastrophically at pulse voltages that were only 60%-80% of the de-measured breakdown voltage. Aside from displacement current observed at the rising and falling edges of the pulse, the conduction current flowing through these very small-area diodes before failure was too small to detect with the existing current probe. Microscopic examination of all failed devices revealed highly localized damage to the device mesa and contact, consistent with the two typical examples shown in Fig. 5 . This strongly suggests that a currentfilamentation type failure occurred in the bulk of the device. 13'14When a filament occurs, the current density in a localized spot drastically increases, greatly stressing the junction material, often to the point of failure.
Silicon diode pulse results
We also conducted pulse measurements on wellcharacterized silicon diodes to confirm that our pulse-test apparatus could properly record the stable reverse avalanche breakdown behavior that is known to exist in silicon pn 
III. DISCUSSION

A. Relevance of findings to SiC power device technology
The 
B. Proposed instability mechanism
The results above have only shown unstable behavior for two specific sets of SiC diodes. It is important to ascertain the cause of this behavior and whether it applies to all SiC diodes in general. Toward this end, we have initiated further experimental and theoretical investigations. Notwithstanding the future outcome of these further investigations, we have developed a preliminary working hypothesis as to the source of the SiC diode pulse-bias instabilities observed in the initial work reported in this article. While the theory is based upon fundamental differences between Si and SiC material properties, it suggests that SiC diodes with stable siliconlike breakdown properties may be realizable with proper device design and technology improvements.
There is extensive literature on the physics of breakdown in semiconductors,
.specifically including the breakdown behavior of silicon pn junctions. 3-5A4 A significant difference between Si and SiC is that in most silicon devices, it is taken for granted that all carriers are fully ionized over the normal operational temperature range including room temperature.
In silicon carbide, the dopants are energetically deep enough that a nontrivial percentage are un-ionized at room temperature resulting in their exclusion from the transport process. 16
Also, SiC crystal growth technology
is not yet mature, resuiting in the presence of deep-level centers. 17-19 We believe that both deep-levels and incomplete ionization of dopants might contribute to the unstable SiC breakdown behavior observed in this work.
The band diagrams of Fig. 7 illustrate part of our working theory for the fast-risetime pulse instability observed in the SiC diodes of Sec. II C 2. For simplicity, only donoflike centers and electrons in a partially frozen-out n-type region of a junction will be considered in the following discussion.
Nevertheless, the basic mechanism can also be applied to various permutations of centers (donorlike and acceptorlike) and carriers in any rectifying junction.
Before bias is applied to the SiC sample, there are a substantial number of carriers occupying un-ionized donors and deep-level defects in quasineutral regions near the depletion region edge [ Fig. 7(a) ]. When a fast-risetime bias pulse is applied, the emission of trapped carriers does not occur quickly enough to keep up with the expanding depletion region. A significant percentage (perhaps a majority) of carriers remain briefly trapped in the high-field depletion region The injection of carriers into the high-field region produces an undesired current surge that fails the diode.
At high enough bias levels, this mechanism is inferred to be a current filamentation mechanism, since the devices failed as short circuits and post failure inspections showed highly localized damage within the bulk diode area (Fig. 5) 
